One contribution of 15 to a discussion meeting issue 'Crossroads between transposons and gene regulation'.
Introduction
It is now appreciated that transposable elements (TEs), which constitute minimally 46% of the human genome [1, 2] and 37% of the mouse genome [3, 4] , continue to evolve as a source of regulatory elements that impact gene expression at both transcriptional and post-transcriptional levels [5, 6] . Autonomous TEs, including endogenous retroviruses and long interspersed nuclear elements, replicate independently of host DNA replication using proteins encoded by the TE, as well as proteins encoded by the host. By contrast, short interspersed nuclear elements (SINEs) are derived from cellular genes transcribed by RNA polymerase III and encompass either intact, full-length copies harbouring an RNA polymerase III promoter that supports their transcription or, as focused on in this review, incomplete copies that may reside within RNA synthesized by RNA polymerase II.
When residing within RNA polymerase II-transcribed genes, i.e. genes primarily encoding messenger RNAs (mRNAs) and long non-coding RNAs (lncRNAs), SINEs can function as cisor trans-regulatory RNA elements. These functions are often mediated by another RNA and/or proteins that bind to the element. Currently, it is difficult to establish rules for whether a TE has been co-opted for function and, if it has, whether that function is advantageous to the host for many reasons. For one, the proportion of SINEs that regulates gene expression post-transcriptionally, and which genes are affected, remains unclear. For another, there exist relatively few and anecdotal examples of SINE function. Additionally, any or all cellular conditions under which a particular SINE may regulate gene expression are not likely to have been appreciated. Thus, we are far from knowing a priori which SINEs that either flank or reside within a gene regulate gene expression. Moreover, for those that do, how regulation occurs and whether regulation is a benefit to host metabolism remain largely unknown.
In humans, Alu elements (Alus) constitute the most abundant class of human SINEs, representing approximately 11% of the human genome [1] or approximately 1.1 × 10 6 copies per cell (table 1) . To date, considerable work has been done to characterize the transpositionally inactive ⪅300 nucleotide (nt) Alus that typify the 3 0 -untranslated regions (3 0 UTRs) of human mRNAs. Alus can be stratified into three subfamilies, i.e. Alus J, S and Y, whose retrotransposition activities peaked approximately 65, 30 and 4-6 mega annum (Ma), the latter of which took place after the divergence of humans and African apes. Even though these subfamilies can be further subdivided [7] , they will be considered as one group for the purposes of this review because it is clear that categorization by function requires additional information.
The mouse (Mus musculus) genome harbours four major and unrelated SINE families of retrotransposons of ⪅190 nt, none of which are present in humans. These families, which consist of B1, B2, B4 and identifier (ID), are present at concentrations that vary from approximately 5.6 × 10 5 to approximately 7.9 × 10 4 copies per genome (table 1) . While all Alu SINEs in the human genome derive from 7SL RNA [7] , mouse SINEs derive from a broader range of RNA polymerase III-synthesized transcripts that include not only 7SL RNA but also tRNAs, 5S rRNA and the BC1 RNA [8] .
It should be noted that mammalian-wide interspersed repeat (MIR) SINEs exist in both humans (approx. 3 × 10 5 copies per genome) and mice (approx. 1.1 × 10 5 copies per genome) because they were amplified before the mammalian radiation [9, 10] . Of all SINEs, MIRs have accumulated a greater number of nucleotide changes per unit length and will not be discussed further.
Functions of single 3 0 -untranslated region short interspersed nuclear elements
Given that most human and mouse genes produce mRNAs deriving from the use of different cleavage and polyadenylation sites, and that alternative pre-mRNA splicing can also influence 3 0 UTR content [11] , it is critical to characterize the exact 3 0 UTR sequences of mRNA isoforms that harbour different 3 0 UTRs as well as their abundance. Because 3 0 UTR sequences and their abundance can vary depending on celltype, only with this information on the cell-type of interest is it possible to determine the effects of the one or more 3 0 UTR SINEs present within a cellular mRNA (box 1).
In mRNAs that harbour a single Alu, the Alu may promote nuclear mRNA retention. One mechanism for retention recently emerged from studies of lncRNAs and mRNAs whose Alu is inserted in the antisense orientation and harbours a 42 nt fragment named SIRLOIN, for SINE-derived nuclear RNA localization [15] . SIRLOIN contains three stretches of minimally six pyrimidines, either C or U, two stretches of which have the consensus RCCTCCC (where R denotes A or G). This consensus mediates transcript enrichment within nuclei by binding to the heterogeneous ribonuclear protein K (hnRNP K) in a mechanism that remains unclear.
Single 3 0 UTR Alus may also promote Staufen (STAU)mediated mRNA decay (SMD) [16] , which is a translationdependent mechanism that involves base-pairing of a 3 0 UTR Alu with a partially complementary Alu residing within a lncRNA [17] or the 3 0 UTR of a mRNA [18] . Base-pairing between partially complementary Alus creates binding sites for the double-stranded (ds)RNA-binding protein STAU1 and/or its paralogue, STAU2 (figure 1). The ability of STAU1 and STAU2 to form homodimers and heterodimers, if not homomultimers and heteromultimers, via a STAU-swapping motif [19] probably explains how the two proteins stabilize intermolecular Alu−Alu duplexes that can span approximately 85-300 base-pairs. Should one transcript forming an Alu−Alu duplex be translationally silent (figure 1a), either because it is a lncRNA or a translationally inactive mRNA, then only the translationally active mRNA will be targeted for SMD; however, if both transcripts forming the duplex are translated Table 1 . Major SINEs of humans and mice (from [1, 3] [12] ) and 3 0 -region extraction and deep sequencing (3 0 READS; [13] ) are among methods developed that avoid priming internal stretches. In these methods, poly(A) is largely but incompletely removed using oligo(dT) and RNase H, the resulting 3 0 -ends are ligated to an adapter that is also used to prime reverse transcription, and any short poly(A) that cannot be aligned to the genome is taken as an indication of bona fide polyadenylation site usage. More recently, a more sensitive and reproducible 3 0 READ method called 3 0 READS+ has been developed that requires less cellular RNA by efficiently capturing RNAs with a poly(A) tail greater than or equal to 10 nt among other improvements [14] .
royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 375: 20190344 (figure 1b), then both will be targeted for SMD [18] . In this regard, it should be noted that many transcripts that have been computationally defined as lncRNAs are in fact exported to the cytoplasm where they are translated [20] . Further experimentation is required to understand what defines a STAU1 or STAU2 binding site, which can be distinct but can also be shared [21] , as well as additional features of single 3 0 UTR Alus that trigger SMD because most do not [22] . Failure of a 3 0 UTR Alu to trigger SMD in at least one case is because of the failure to recruit STAU proteins [23] , which may be because of RNA folding or other RNAbinding proteins sterically precluding STAU binding in a way that promotes SMD. In another scenario where a 3 0 UTR Alu fails to trigger SMD, if the 3 0 UTR is defined by a termination codon that is sufficiently close to the 3 0 UTR Alu so that the terminating ribosome physically removes bound STAU, then the mRNA will be immune to SMD [18] . Should a 3 0 UTR Alu trigger SMD, it does so by the STAU1 and/or STAU2-mediated recruitment of the ATP-dependent RNA helicase upframeshift 1 (UPF1) [24, 25] .
3 0 UTR Alu-mediated SMD has been shown to be important for wound-healing [17, 18] and adipogenesis [26] , and future work will undoubtedly expand on its realm of influence. For example, because SMD competes with nonsense-mediated mRNA decay (NMD) for available UPF1 [27] , when cells vary the efficiency of NMD in response to changes in developmental and environmental conditions [28] , the efficiency of SMD is probably simultaneously varied.
Evidence for the convergent evolution of
human and mouse 3 0 -untranslated region short interspersed nuclear elements Like 3 0 UTR Alus in humans, 3 0 UTR B1, B2, B4 and ID SINEs in mice can trigger SMD by imperfectly base-pairing with a partially complementary SINE in another transcript that recruits STAU1, STAU2 or both [22, 29] . Remarkably, not only have lineage-specific TEs evolved in different organisms to regulate orthologous genes in the nucleus by forming nuclear enhancers [30] [31] [32] , promoters [33] or splice sites [34] , to name a few examples, but they have also evolved to regulate orthologous genes in the cytoplasm via SMD [22] . The convergent evolution of 3 0 UTR TE function in the SMD of humans and mice can be attributed in part to the higher probability of SINE integration into those orthologous gene pairs that harbour longer 3 0 UTRs having a higher A + T content and in part to the existence of trans-acting SINE-containing RNAs that can base-pair with these SINEs to generate STAU-binding sites [22] .
In overview, approximately one-fifth of orthologous protein-encoding genes in human and mouse myoblasts produce at least one mRNA isoform that has a 3 0 UTR SINE, and both human and mouse transcripts deriving from approximately one-third of these orthologous gene pairs contain a 3 0 UTR SINE. That only 24 of 3 0 UTR SINE-containing orthologous transcripts were found to be SMD targets, as evidenced by their upregulation upon STAU1 depletion and, independently, UPF1 depletion, is assuredly an underestimate owing to the stringency of the analyses and also to detection limitations [22] . Because the convergent evolution of at least one humanmouse gene pair could be extended to the African green monkey, evidence exists that 3 0 UTR Alu acquisition preceded the divergence of their last shared common ancestor approximately 28 Ma. Additional studies, including those comparing other cell-types, are predicted to further exemplify what appears to be the convergence of post-transcriptional gene regulatory pathways between distinct species via 3 0 UTR SINE insertions. It should be noted, however, that because the SINE insertions in the 24 orthologous primate and mouse gene pairs are random in 3 0 UTR location and likely to have been acquired at different evolutionary times, rather than exemplifying convergence, some insertions may be adaptive, contributing to species-specific regulation, or may drive a compensatory change in gene expression that sets the 3 0 UTR back towards the 'default' mode of regulation.
Functions of 3 0 -untranslated region invertedrepeat Alus
A number of mRNA 3 0 UTRs contain multiple Alus and, among them, those with inverted-repeat Alus (IRAlus) are the best characterized. That noted, it is clear that different categories of 3 0 UTR IRAlus exist based on how they influence host mRNA metabolism, and it is not yet possible to predict what those effects will be. IRAlus readily form intramolecular duplexes that, like those in trans, can span approximately 85-300 imperfect base-pairs and bind the STAU proteins. It is thought that the chances of IRAlus duplexing within nuclei are significantly higher than the chances of Alus duplexing in trans. Consistent with this idea, IRAlus can base-pair within nuclei, where they can retain their host transcript by recruiting the paraspeckle constituent p54 nrb , also called non-POU domain-containing octamer-binding protein (NONO) [35, 36] . Because STAU proteins exist not only within the cytoplasm but also within nuclei, it follows that if the level of nuclear STAU proteins is sufficient to compete with p54 nrb for binding to IRAlus, then p54 nrb -mediated nuclear retention can be prevented [36] . Prevention allows for export to the cytoplasm, where if the level of cytoplasmic STAU proteins is sufficient to compete with protein kinase R (PKR) for binding to IRAlus, then PKRmediated translational repression can be avoided (figure 2a). Relief from translational repression is not limited to the IRAlus-containing mRNA(s) that bind STAU proteins but In the first, STAU binding in the nucleus inhibits binding by the paraspeckle constituent p54nrb, thereby preventing 3 0 UTR IRAlus mRNA retention in nuclear paraspeckles via the lncRNA NEAT1 and allowing export to the cytoplasm. In the second, once in the cytoplasm, STAU binding to 3 0 UTR IRAlus inhibits binding by the translational repressor protein kinase R (PKR) binding, thereby preventing PKR activation and allowing translation not only of the 3 0 UTR IRAlus mRNA but also of all of the cellular mRNAs (details provided in Elbarbary et al. [36] ). (b) Cellular stress, including ultraviolet irradiation or heat shock, activate the MKK6-p38-mitogen and stress-activated protein kinase (MSK)1/2 signalling cascade so that MSK1 and MSK2 phosphorylate nuclear ADAR1p110 (details provided in Sakurai et al. [37] ). Phosphorylated ADAR1p110 then binds Exportin 5 and is exported to the cytoplasm. Once in the cytoplasm, ADAR1p110 binding to 3 0 UTR IRAlus inhibits STAU binding, thereby preventing the SMD of 3 0 UTR IRAlus mRNAs, a number of which encode anti-apoptotic proteins that promote the survival of stressed cells. (Online version in colour.) royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 375: 20190344 extends to all of the translationally active cellular mRNAs. This is because PKR functions globally as a translational repressor.
3 0 UTR IRAlus have been shown to trigger SMD in competition with A-to-I editing, which is mediated by the dsRNAbinding proteins called adenosine deaminases that act on RNA (ADARs) or with ADAR binding per se. As one example, in response to cellular stress, the usually nuclear 110-kDa isoform of ADAR1 is phosphorylated by the mitogen-activated protein kinase kinase 6 (MKK6)−p38 mitogen-activated protein kinase (MAP) signal transduction pathway, resulting in ADAR1p110 export to the cytoplasm via Exportin-5 [37] . In the cytoplasm, ADAR1p110 binding to the 3 0 UTR IRAlus of SMD targets encoding anti-apoptotic proteins inhibits STAU binding, and thus SMD, thereby promoting cell survival ( figure 2b) .
For reasons that remain unclear (see below), some 3 0 UTR IRAlus have been shown to be of no consequence to mRNA export but inhibit mRNA translation, also through a mechanism that does not require A-to-I editing [38] .
Future directions
While increasingly studied in recent years, how 3 0 UTR SINEs mediate changes in gene expression by affecting cellular mRNA localization, translation and/or decay remains complicated and unpredictable. It has long been known that mRNA 3 0 UTRs are often variable when comparing mRNA isoforms that derive from the same gene, and of course, mRNAs from different genes most likely have distinct 3 0 UTRs lengths. That RNA length per se can be a determinant of cellular mRNA location has been previously noted [39] [40] [41] . Given arguments that export is the default pathway for longer mRNAs [42] , and that specialized retention sequences drive the nuclear retention of some lncRNAs and mRNAs [15] , it follows that longer 3 0 UTRs have an increased probability of harbouring nuclear retention sequences. Because longer 3 0 UTRs also have an increased chance of harbouring regulatory sequences, including SINEs, that can influence cellular mRNA metabolism, one way to define 3 0 UTR SINE function would be to delete the SINE from the cellular gene and replace it with a functionally neutral sequence that restores 3 0 UTR length. This approach is not fool-proof because the deletion could create new or destroy existing sites for RNA-binding proteins by changing RNA sequence and structure. Moreover, effects are probably not characteristic of all cells or even of a particular cell under all growth conditions.
Another approach, which is currently underway, defines the cis-acting effects of 3 0 UTR Alus on the nucleocytoplasmic ratio and polysome association of cellular mRNAs. This approach uses 3 0 READS+ to quantitate the various mRNA isoforms that derive from alternative polyadenylation site usage and to define their specific 3 0 UTR Alu content. Considerations include not only the number of 3 0 UTR Alus but also their orientation(s), the extent to which they have diverged from the original Alu sequence that was inserted, and their position(s) within the 3 0 UTR relative to one another, should multiple 3 0 UTR Alus exist, as well as relative to the translation termination codon, any additional cis-acting regulatory sequences, and the cleavage and polyadenylation site(s). 
